Abstract--Part I of this series examined the chemical and thermodynamic principles underlying the solubility and partitioning characteristics of non-electrolyte organic compounds in aqueous systems. It further considered those concepts which interrelate solubility and partitioning phenomena with retentive behavior in reverse phase liquid chromatography. Conceptual and predictive models which intercorrelate solubility, octanol/water partitioning, and reverse phase retention times were developed. Part II of the seres evaluates the relative predictive abilities of these models for a wide range of different classes of organic pollutants. The results reveal that the reverse phase liquid chromatography models developed in Part I provide good estimates of octanol/water coefficients and aqueous solubilities from experimentally determined chromatographic retention times. Models structured to predict aqueous solubilities from octanol/water partition coefficient data were also found to provide reasonable estimates, but require as input physical and chemical parameters which are not readily accessible.
INTRODUCTION
Many organic contaminants commonly found in surface and subsurface waters are stable hydrophobic substances which readily partition into and concentrate within a variety of environmental compartments (biota, sediments, soils etc.) . Models for quantifying and predicting such partitioning and biGaccumulation processes are frequently predicated on the aqueous solubilities (S~) and octanol/water partition coefficients (Kow) of the compounds in question. Direct experimental determinations of these two properties are tedious, however, and subject to significant experimental and analytical error. Empirical models based on "linear free energy" relationships can be used to estimate solubility and partitioning parameters, but such models do not take into account steric effects and specific molecular configurations which may affect the parameters. This paper, the second of a two part series, examines the feasibility of applying high performance reverse phase liquid chromatography (HPRPLC) for predict- ing the aqueous solubilities and octanol/water partition coefficients of hydrophobic organic pollutants. Several investigators (McCall, 1975; Unger et al., 1978; Veith et al., 1979; McDuffie, 1980; Eadsforth and Moser, 1983; Rapaport and Eisenreich, 1984) have developed empirical correlations between octanol/water partition coefficients and HPRPLC retention times for hydrophobic organic compounds. These relationships are useful, but provide little insight to processes which may commonly control retentive behavior in reverse phase systems, solubility in water, and partitioning characteristics between water and immiscible organic phases. Yalkowski and Valvani (1980) , Chiou et al. (1982) , Amidon and Williams (1982) and Miller et al. (1985) have developed rigorous thermodynamic relationships between octanol/water partition coefficients and aqueous solubilities. This work has shown that the melting of a crystalline solid to form a "supercooled liquid" is an important step in the solubilization of solid organic substances, and that mutual saturation of water in octanol and octanol in water may play an important role in organic partitioning processes between two solvent systems.
The first paper in this two part series (Weber et al., 1986) examined the thermodynamic processes which govern the behavior of nonelectrolytic organic solutes in water and apolar organic solvents. A conceptual basis for relating the HPRPLC behavior of an or-ganic compound to its activity coefficient, solubility, and partitioning characteristics was provided. Several theoretical and semi-empirical models were developed for intercorrelating the aqueous solubilities, octanol/water partition coefficients, and retention behavior of nonelectrolytic organic solutes in reverse phase chromatography. Those models will be examined and their predictive capabilities compared in this second paper.
The first model to be evaluated utilizes high performance reverse phase liquid chromatography (HPRPLC) retention time data as a means for quantifying the partitioning characteristics of an organic nonelectrolyte in an octanol/water system. Octanol/water partition coefficients are estimated using a relatively simple relationship between Ko~ and the corrected retention time, t,,, of the solute log Kow = A log t,. + C
where A and C are experimentally calibrated constants, and t c is related to the reverse phase distribution coefficient KRe as developed in the previous paper [equation (44), Weber et al., 1986] . Three solubility models which alternatively utilize both octanol/water partition coefficients and HPRPLC retention times as "predictors" of the saturation-limit aqueous activity coefficient will also be compared. The models for predicting solubilities from octanol/water partitioning data are modified versions of the Yalkowski and Valvani (1980) model, and the Amidon and Williams solubility equation (1982) . The first model assumes that non-electrolyte organic solutes behave ideally in the octanol phase, that the solubility of water in octanol is significant, and that the molar volume of the water-saturated octanol phase differs from that of the pure octanol phase. This yields the expression
where S~ is the solubility of the target compound in water, ASy is the entropy of fusion of the solute, and Tm the melting point. The second Kow-based model is similar to the first, but incorporates the Hildebrand-Scott regular solution theory (RST) to predict the nonideal behavior of an organic solute in a water-saturated octanol phase +0.92 (3) where Pi is the molar volume of the solute, and 6i and 6o are the solute and water-saturated octanol solubility parameters, respectively. A thermodynamic relationship between the aqueous activity coefficient at saturation and the HPRPLC retention behavior of a non-electrolyte organic compound was developed in the first paper of this series, and the following correlation between solubility and corrected retention time derived
where ~ and fl are experimentally determined coefficients. Predictions of octanol/water partition coefficients and aqueous solubilities using the HPRPLC retention time models given in equations (1) and (4) respectively are compared in this paper to experimentally observed values. Additionally, HPRPLC predicted values of solubility are compared to the solubility estimates made from octanol/water partition coefficients using the models given in equations (2) and (3).
MATERIALS AND METHODS
The high performance liquid chromatograph used in this study consisted of a Waters M45 solvent delivery system and a Waters Lambda Max variable wavelength detector fitted with a Rheodyne 20-/~1 sample loop rotary injector, and a Whatman PXS-10/25 ODS-3 Cis reverse phase column. The instrument was interfaced with a Houston Instruments strip chart recorder. Retention times were determined by setting the recorder to a prescribed chart speed and measuring the distance of the peaks from the point of injection. A stop watch was used periodically to verify the retention times. The mobile phase was comprised of HPLC-grade methanol (J. T. Baker) and distilled deionized water passed through a 0.45-/~m cut-off membrane filter (Millipore). Residual dissolved organic carbon in the water was generally less than 300 ppb. The mobile phase was degassed prior to the initiation of an experiment to eliminate any potential gas interference.
The compounds used in the study (with exception of the PCB isomers) were obtained from the Environmental Protection Agency (Research Triangle, North Carolina). Individual PCB isomers were obtained from Analabs/Foxboro Corporation. Most stock solutions were made up in HPLCgrade methanol, but those for the very hydrophobic substances were made up in HPLC-grade acetone. Stock solution concentrations ranged from 900 to 1100mg 1 -~, and were diluted by a factor of 10 with methanol to working solution concentrations.
The HPRPLC instrument was calibrated with two mixtures comprised of five compounds each to determine the coefficients needed for the HPRPLC partition coefficient and aqueous solubility models [equations (1) and (4), respectively]. Standard I was comprised of phenol, chlorobenzene, napthalene, biphenyl, and anthracene. Standard I1 consisted of nitrobenzene, toluene, o-xylene, odichlorobenzene and 1,2,4-trichlorobenzene. Acetone was found to be relatively unretained by the Cls column, and was chosen as an internal standard from which the retention times of all other compounds were referenced. The standards were run in duplicate on a daily basis to account for day to day instrumentation variations.
RESULTS AND DISCUSSION

Octanol/water partition coefficient predictions
Experimental octanol/water partition coefficients and corrected retention times, t, for the 10 aromatic standard compounds used to calibrate the HPRPLC instrument are listed in Table 1 . Corrected retention times are used in lieu of capacity factors to quantify reverse phase distribution coefficient for reasons de- (1985) . All other values from Leo and Hansch (1979) . veloped in the Part I paper (Weber et al., 1986) . Studies in our laboratory have shown that two commonly used "unretained" mobile phase tracers, sodium nitrate and acetone, both yield different mobile phase retention times. These findings agree with those of Krstulovic et al. (1982) . The "corrected" retention time approach accounts for daily pertubations in the HPRPLC system since any chemical or physical change should equally affect both a target compound and an internal standard. Acetone was selected as the internal standard because it was found to be easily detected by u.v., relatively unretained by the stationary phase, and chemically innocuous to the HPLC instrumentation. The log Kow-iog tc calibration curve of the solutes listed in Table 1 is plotted in Fig. 1 . Least squares regression analysis of the data plotted in Fig. 1 yields log (Kow) = 3.22 log (to)+ 1.04; r=0.996; n=10. (5) The "corrected" retention times for the standards represent the average of over 31 experimental runs. The Student's t-test results for the slope, y-intercept and correlation coefficient for a 95% confidence interval are 3.22 (+0.07), 1.04 (-t-0.04) and 0.996 (+0.01) respectively. The small deviations from the mean value at the 95% confidence level demonstrates that the reproducibility of the method is good, and agrees well with the findings of Eadsforth and Moser (1983) . Continuous use of a column over time, however, will invariably bring about some deterioration, which can in turn alter the results. After 6 months of use, the Whatman column employed in this work exhibited some loss of resolution and separation efficiency.
The octanol/water partition coefficients of 18 organic priority pollutants calculated from equation (5) are presented in Table 2 , along with observed values of Ko, for these compounds. The absolute deviation between the to-based calculations and the observed values ranges from 0.07 to 0.80 log units with an average of 0.31. Using this method octanol/water partition coefficients can be estimated to within 6.71 + 3.96% of the experimental log values reported in the literature. Our findings agree well with those of Veith et al. (1979) . McDuffie (1980) , Eadsforth and Moser (1983) and Rapaport and Eisenreich (1984) . Regression analysis between the observed and predicted log(Kow) values yields the correlation log(Kowo~,.) = 0.92 log(Kowp,~ ) + 0.33; r=0.960; n =18 (6) which is plotted in Fig. 2 . Linearity exists between the two pooled sets of values over a span of four orders of magnitude. However, deviations from linearity appear at very high log octanol/water partition coefficient values (log Kow> 6). This is probably caused by the "mutual saturation effect". Chiou et aL (1982) observed that this effect is most pronounced with compounds of very low solubility. The HPRPLC model is calibrated using a group of moderately hydrophobic compounds which are not as strongly affected by "mutual saturation". The resultant regression line is extrapolated into the high octanol/water partition coefficient region, and the model will tend to slightly over-predict log K,,, values for very hydrophobic compounds. Nonetheless, the coefficients of determination indicate that the agreement between the two data sets is good in that the slope of the line is close to unity and the y-intercept approaches the origin. This technique can also be used to estimate the octanol/water partition coefficients of weakly acidic aromatic compounds (most notably phenols). The pKo's for many of these compounds are lower than the pH of the mobile phase. In these cases, the target species remain ionized and pass through the reverse phase column very quickly. Veith et aL (1979) reported that 2,4,5-trichlorophenol, m-chlorobenzoic acid, and diphenylamine eluted very rapidly and yielded substantially lower estimates of octanol/water partition coefficients than were actually observed, even when the pH of the mobile phase was lowered to 4.0. We have observed a similar effect with 2,4,6-trichlorophenol and pentachlorophenol, which have pK,'s of 5.99 and 4.74, respectively (Ugland et al., 1981) , when using an unbuffered methanol/water mobile phase (pH = 7.5). However, acidification of the mobile phase with phosphoric acid to a pH of 3.0 was found to keep the solutes in an unionized state, and the resultant retention times were observed to be much more accurate predictors of octanol/water partition coefficients for these compounds than were those attained at the higher pH value.
HPRPLC estimated octanol/water partition coefficients thus seem to agree well with measured values reported in the literature. The HPRPLC technique is less time consuming and less subject to error than the conventional shake-flask method used for direct experimental measurement of Ko,. values. Further, "corrected" retention times may be used to directly estimate sediment/soil partition coefficients. Rapaport and Eisenreich (1984) have observed that the C~ stationary phase properties are similiar to those of soil and sediment particles coated with natural organic matter. They hypothesized that the sorption of an organic nonelectrolyte onto C~8 may more accurately represent sorptive processes in natural aquatic systems than the partitioning of an organic solute between water and octanol. This hypothesis deserves further examination.
Solubility model predictions
The predictive capabilities of the three solubility models are compared in this section. Aqueous solubilities estimated by the modified Yalkowski and Valvani model [equation (2)] are compared in Table  3 to experimental solubilities measured by other investigators (Yalkowski and Valvani, 1980; Callahan (ed.), 1979; Miller et al., 1985) . The compounds examined in this phase of the study were restricted to hydrophobic nonelectrolytes, and excluded substances which may ionize and/or undergo specific molecular interactions with the aqueous phase (i.e. organic acids and phenolic compounds). A detailed derivation of the model is presented in the first paper of this series (Weber et al., 1986) . Inspection of the solubility information presented in Table 3 reveals that the modified Yalkowski-Valvani model predictions come within an order of magnitude of the observed values for many of the solutes listed. However large differences between predicted and observed or measured solubilities may be noted for the PCBs, DDT and DDE The average absolute deviation between estimated and observed values is 0.81 log units, with a maximum deviation of 1.91. Regression analysis between the observed and predicted aqueous solubilities presented in Table 3 yields log(S2o,, ) = 0.86 Iog(S,~prod )+ 1.53; r = 0.81; n = 23. (7) It is apparent that a correlation exists, but the coefficients of the correlation indicate that the model does not provide generally satisfactory estimates of aqueous solubilities.
The limited predictive capability of the model given by equation (2) can be referenced to the physicochemical behavior of non-electrolyte organic solutes in octanol/water systems. All the target compounds are nonpolar in nature, and may be expected to behave solvophobically in water. This is attested by their very low solubilities and large octanol/water partition coefficients. While it is apparent from the data that solvophobic interactions are important in the development of correlations between partitioning and solubility, other factors are also evidently involved. Yalkowski and Valvani (1980) . tValues from Miller et al. (1985) . :~Values from Callaban (1979). ~Ortho isomer. ¶11,2,3 isomer. *'1,2,4 isomer. Solubilities are in units of molI-L Chiou et al. (1982) have claimed that the saturation of octanol in the water phase may play a significant role in altering the solubility of a nonelectrolyte. They observed that the aqueous solubilities of DDT and hexachlorobenzene are enhanced by factors of 160 and 80% respectively if octanol is present. The magnitude of this phenomenon is impossible to predict a priori with existing thermodynamic models, however, and must be measured directly. Miller et al. (1985) have recently investigated the effect of mutual saturation and found that the presence of octanol in the aqueous phase plays an insignificant role. They concluded that enhanced solubilization can occur only if the octanol interacts specifically with the solute molecules, and even this would affect solubility only on the order of a few percent. If the presence of dissolved octanol in water does in fact not affect the aqueous solubility of nonelectrolytic organic substances, then deviations between observed solubilities and those predicted by equation (2) must be due at least in some measure to nonideal behavior on the part of the target substance in the organic phase. Miller et al. (1985) experimentally measured the solubilities of organic solutes in water saturated octanol, and concluded that there exists no a priori method for estimating activity coefficients in such systems. Amidon and Williams (1982) , however, applied the regular solution theory in their solubility model to estimate the solute activity coefficient in the octanol phase. The model given in equation (3) also assumes that organic solutes behave as regular solutions in water-saturated octanol. The solubility parameter, 6s', of a mixed solvent can be estimated using the equation ~s' = ~,¢k6s (8) where ~b and ~s are the volume fraction and solubility parameters for each solvent (Hildebrand et al., 1970; Karger et al., 1973) . A solubility parameter value of 21 for water (Karger et al., 1973) and 10.3 for octanol (Amidon and Williams, 1982 ) yields a solubility parameter of 10.8 for a water-saturated octanol phase.
The limitations of the regular solution theory (RST) were examined in the first part of this series (Weber et al., 1986 ). The RST model can adequately predict activity coefficients for organic solutes in apolar solvents provided that physical dispersion forces dominate all molecular interactions and that specific molecular interactions such as hydrogen bonding are absent (Hildebrand et al., 1970; Barton, 1975; Hagen and Flynn, 1983; Campbell et al., 1983) . The presence of water would alter the molar volume of the octanol phase and effect hydrogen bonding with alcoholic functional groups, but solute/solvent interactions seem to be restricted to physical dispersion forces between the nonelectrolytic solute molecule and the aliphatic octanol chain. The assumption that hydrophilic/hydrophobic interactions are segregated in some manner justifies the application of the RST model for estimating the infinite dilution solute activity coefficient in the water-saturated octanol phase. This assumption is reasonably valid for solutes having molar volumes lower than that of octanol. If the solute's molar volume exceeds that of the octanol phase (157.7 cm 3 mol-1), however, hydrophobie and hydrophilic interactions may become less segregated (Miller et al., 1985) , and the behavior of the solute may deviate from regular solution behavior. Miller et al. (1985) have observed that the "pseudo-solubility" of solutes in octanol saturated with water decreases with increasing molar volume.
Predictions of aqueous solubilities using the model given in equation (3) are presented in Table 4 . S~am~ of the compounds listed in Table 3 were excluded from this analysis because there was insufficient physicochemical data in the literature from which to determine their solubility parameters. Comparison of the predictions in Table 4 with corresponding values presented in Table 3 indicates that inclusion of the water-saturated octanol solute activity" coefficient in equation (3) greatly improves the model's predictive capabilities for the solutes listed. The average absolute deviation between observed and predicted solubilities given in Table 4 is 0.35 log units with a maximum deviation of 0.75. The model can predict log aqueous solubilities to within 9.09 + 5.5% of the values found in the literature. The regression analysis between observed and aqueous solubilities represented in equation (9) • l w log(S~o~)= 1.01 ( og)(S~p~)-0.30; r=0.987; n=17 (9) Solute solubility parameters were computed from heat ization data found in Weast (1980) . Molar volumes were calculated from solute molecular density data found in Weast (1980) . also clearly indicates an improvement in the predictive capabilities of equation (3) over those of equation (2). In addition the model does not seem to be affected by solutes with molar volumes greater than that of octanol, and this seems to suggest that nonpolar interactions still predominate between these solutes and the solvent. It thus appears that incorporation of the regular solution theory to account for deviations from ideal solution behavior in watersaturated octanol significantly enhances the predictive capabilities of models which utilize octanol/water partition coefficients for estimation of a solute's aqueous solubility.
The availability of solubility parameter data for hydrophobic organic contaminants is limited. The model given in equation (4) obviates the need for such data by utilizing HPRPLC retention time, which can be readily determined experimentally, as an indirect measure of the saturation-limit aqueous activity coefficient. The activity coefficients and "corrected" retention times of the nine standards used in this work for calibration purposes are listed in Table 5 . Phenol was not used as a standard for the reasons stated previously. Activity coefficients for the target All activity coefficients are calculated using the equations in Tsounopolous and Prausnitz (1971) and verified with measured aqueous solubility data.
compounds were approximated according to the methods used by Tsonopoulos and Prausnitz (1971) . Agreement between the aqueous solubilities determined by the estimated activity coefficients and those reported in the literature are excellent. Model calibration was done by correlating measured t c values with calculated values for the log activity coefficient. The calibration data and correlation curve are plotted in Fig. 3 . Regression of the data yields the following equation for the correlation curve log(y~') = 3.75 log(t,) + 2.14; r=0.988; n=9.
Introduction of the two empirical coefficients from equation (10) into equation (4) yields log(S~') = 1.74-ASf(T,,,-T) 2.3RT -3.75 log(tc)-2.14. (11) Aqueous solubilities estimated from equation (1 I) are listed in Table 6 , along with observed values taken from the literature, and relationships between predicted and observed values are depicted graphically in Fig. 4 . The average absolute deviation of observed values from the predicted values is 0.27 log units with a maximum deviation of 1.01 units. Stated in terms of predictive capability, the results indicate that the model can predict log aqueous solubilities to within 6.14__+ 5.7% of the observed values reported in the literature. Regression analysis between estimated and experimentally measured solubilities yields the correlation log(S~b ' ) = 0.980 log(S,~ )-0.03: r=0.981; n=22. (12) Equation (12) indicates clearly that aqueous solubilities can be predicted with reasonable accuracy using equation (4) and HPRPLC determined (1979) . All other references for the observed aqueous solubility given in Table 3 .
values are coefficients. Large deviations between observed and predicted log aqueous solubilities may be due in part to violation of the assumption that differences between the solid and liquid phase solute heat capacities are negligible (Weber et al., 1986) . It is plausible that the model's predictive capability may be enhanced by accounting for these differences; however, heat capacity data is not readily found in the literature for many compounds.
Judging from the agreement between predicted and observed solubilities of target solutes the HPRPLC technique would seem directly applicable as a means for quickly screening the properties of organic pollutants, particularly those compounds for which only limited physicochemical data is otherwise available. Most organic compounds are analyzable by reverse phase chromatography with the proper detector. The model given in equation (4) circumvents many of the problems which limit the usefulness of octanol/water-aqueous solubility models (i.e. limited availability of octanol/water partition coefficient and solubility parameter data, and the effects of mutual saturation). Further, it provides conceptual insight into the processes which govern the physicochemical behavior of organic substances in aquatic systems.
CONCLUSIONS
It is apparent from the foregoing analysis that high performance reverse phase liquid chromatography holds promise as a method for predicting and understanding the physicocbemical behavior of organic priority pollutants. This technique, when coupled with appropriate models, enables prediction of both octanol/water partition coefficients and aqueous solubilities with speed, precision and reasonable accuracy. The technique is potentially useful as a means for quickly and accurately predicting bioconcentration and sediment/soil sorption coefficients. Moreover, unlike most alternative methods for the prediction of environmental fate, the technique is not constrained by the lack of requisite physicochemical data for the compounds of interest.
